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I. INTRODUCTION

The following technical discussion was originally written as a Letter to
the Editor of Carbon and is prepared as a technical report in accordance with
Aerospace practice. The style is terse, as required for a letter to the
editor, so that some prefatory remarks may be helpful for readers not conver-
sant with the special terminology of liquid crystals and the carbonaceous
mesophase.

Graphitic materials differ from other structural materials in being

1

formed by a liquid crystal (mesophase) transformation' and therefore contain

S e s

the microstructural features known as disclinations, which are inherent to
liquid crystals.2 The quenching hot—-stage microscope has proven to be a
valuable tool for obtaining a qualitative understanding of the carbonaceous
mesophase and of the disclination interactions that occur within that

anisotropic liquid.3’4

In the discussion, we emphasize how the disclination structures are
similar in both carbonaceous mesophase and conventional liquid crystals; we
then point out a difference important to materials such as graphite and

mesophase pitch fibers, namely, that their disclination structures have

usually been subjected to strong deformation stresses as the mesophase
hardens. Thus, the microstructures of such practical spacecraft materials as
rocket nozzles, nose cones, and reinforcing fibers for structural members may
include disclinations appreciably deformed from the equilibrium structures
characteristic of fluid liquid crystals. We currently employ the concepts of
mesophase deformation and nonequilibrium disclinations to construct reasonable
working models of the mechanical behavior of the high-modulus carbon fibers?

favored for dimensionally stable spacecraft components.
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II. TECHNICAL DISCUSSION

Friedel's classic work on liquid crystals6 summarizes his observations
of structural reactions within nematic liquids in a table similar to Table 1.
The symbols +2n refer to crosses in the polarized-light extinction contours
(noyaux in Friedel's terminology), and the symbols im refer to nodes (demi-
noyaux); the signs t indicate the direction of the extinction contours when
the line of polarization of the incident light is rotated.? In current
terminology, these singular points are liquid crystal disclinations having the

7

equilibrium structures’ represented in Fig. 1.

We have used a quench?ng hot-stage microscope to observe similar disclin-
ation reactions in the carbonaceous mesophase.3 The quenching capability
froze disclination structures at critical stages for detailied study. A
32x objective with 6-—mm working distance proved adequate for resolving orien-
tational fluctuations similar to those Friedel® observed in conventional
nematic liquid crystals. Such fluctuations are most readily seen in a freshly
formed, very fluid mesophase as a fine local flickering in the darkness of

polarized-light extinction contours.

The micrographic sequence of Fig. 2 illustrates five disclination reac~
tions observed within a 2-min period during pyrolysis of Ashland A240 petro-
leum pitch. In region A, two 2n disclinations of opposite sign appear to be
spontaneously generated by a "pinch-off” reaction. These disclinations then
separate, and the right-hand disclination moves toward region B, where it

annihilates another 2m disclination. 1In region C, the reaction is
(+1) + (-27) + (-m)

The disclination signs were identified by rotating the line of polarization.

These reactions have been observed to take place in both forward and reverse

directions, suggesting that the energies of disclination structures are small
relative to the work of deformation by mechanisms such as bubble percola-

tion. As pyrolysis is continued, the disclination reactions slow well before

the mesophase loses its deformability.




TR EEeETTTTT

[

The pinch-off reaction was examined further by quenching a specimen while
the new disclinations were still moving apart (Fig. 3). At that point, the
extinction contours were also rotating about the centers of the moving
crosses, indicating internal rearrangements of the disclinmation structures

immediately after the reaction. The specimen fortuitously included another

region of compressed contours in which the pinch-off reaction appeared ready
to occur (Fig. 4). The structural sketches indicate that this reaction con-
sists of the sudden replacement of compressed folds by undistorted mesophase
layers. The folds are so tightly compressed that disclination generation

could be nucleated by an orientational fluctuation.

Although the wavelength of light limits the structural detail that can be
derived by the polarized-light techniques used here, the freshly formed dis-
clinations appear to have nonequilibrium structures of the type sketched in
Fig. 5. Such nonequilibrium disclination structures may be expected in meso~
phase products whenever the mesophase is being deformed as it hardens, as, for

example, in the spinning of mesophase fiber.7

4 %




TABLE 1. DISCLINATION INTERACTIONS IN NEMATIC LIOUID CRYSTALS

(+271) + (-2m)

(#n) + (=)

(+21) + (-m)

(=2m) + (+n)

(+n) + (+m)

(=) + (-n)

([

([

(+m)

(=)

(+27)

(-2m)

Annihilation and formation
reactions

Reactions between disclinations
of different strengths

Combination and dissociation
reactions
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Disclination interactions observed by crossed
polarizers on the free surface nf a petroleum pitch
pyrolyzed to 440°C: region A, spontaneous generation
of 2n disclinations; region B, annihilation of 2n
disclinations; region C, reaction (+n) + (-2n) » (-m).
Letters a through f indicate sequence.
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Fig.

3.

Two 2m disclinations formed by pinch-off reaction.
Crossed polarizers, Structural sketch by polarized-

light mapping‘ of quenched specimen.
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QUENCHING
CRACKS

Fig. 4. Compressed folding of type observed prior
to a pinch-off reaction. Crossed polarizers.
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LABORATORY OPERATIONS

The Laboratory Operstions of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applics-
tion of scientific advances to new military epace systems. Versatility and
flexibility have been developed to s high degree by the laboratory persomnel in
dealing vith the many problems encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developments {s vital to the
accomplishment of taske related to these problems. The laboratories that com=
tribute to this research are:

Aerophysice Laboratory: Launch vehicle and reentry serodynsmice and heat
transfer, propulsion chemistry and fluid wechanics, structural mechanics, flight
dynaaics; high-tesperature thermomechanics, gas kinetics and radiation; resesrch
in environmental cheaistry and contamination; cv and pulsed chemical lsser
development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propsgation, laser effects and countermeasures.

Chemistry and Physics Laboratory: At pheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions snd radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs lowv-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, snd electro~optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; milliweter-wave snd microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performsnce-sensitive system design, distributed architecturses for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of nev materisls: metal matrix
composites, polymers, and new foras of carbon; component failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in

space environment; materials perforsance in spsce transportstion systems; anal-
vsis of systems vulnerability and survivability in enemy-induced environments.

Space Sciences Laboratory: A pheric and pheric phyeics, radiation
from the atmosphare, density and composition of the upper atmosphers, surorae
and airglov; magretospheric physics, cosmic rays, generation and propagation of
plassa waves in the wmagnetosphere; solar physics, infrared astronomy; the

effects of nuclesr uploﬂont. magnetic storms, and solar activity on the
earth's atmosphere, 1 e, and phere; the effects of opticsl,

electromagnetic, and pnucuhte ruhuom in space on space systems.




